Abstract (251 words) 26
Temporary rivers are increasingly common freshwater ecosystems, but there have been no 27 global syntheses of their community patterns. In this study, we examined the responses of 28 aquatic invertebrate communities to flow intermittence in 14 rivers from multiple 29 biogeographic regions and covering a wide range of flow intermittence and spatial 30 arrangements of perennial and temporary reaches. Hydrological data were used to describe 31 flow intermittence (FI, the proportion of the year with zero-flow) gradients. Linear mixed-32 effects models were used to examine the relationships between FI and community structure 33
and composition. We also tested if communities at the most temporary sites were nested 34 subsets of communities at the least temporary and perennial sites. Taxon richness decreased 35 as FI increased and invertebrate communities became dominated by ubiquitous taxa. The 36 number of resilient taxa (with high dispersal capacities) decreased with increased FI, whereas 37 the number of resistant taxa (with adaptations to desiccation) was not related to FI. River-38 specific and river-averaged model comparisons indicated that most FI-community 39 relationships did not differ statistically among rivers. Community nestedness along FI 40 gradients was detected in most rivers and there was little or no influence of the spatial 41 arrangement of perennial and temporary reaches. These results indicate that FI is a primary
Introduction 51
Identifying general relationships between environmental drivers and community responses is 52 a perennial goal in ecology. Common environment-community relationships are represented 53 by linear or curvilinear relationships that are congruent in direction (increasing or decreasing) 54 and magnitude (slope or inflection) for geographically separated and/or phylogenetically 55 distinct communities. For example, the shapes of relationships between water availability and 56 primary productivity (drivers) and the diversity of bat, amphibian, and bird communities 57 (responses) are remarkably similar over wide biogeographic ranges (Mittelbach et al. 2001, 58 McCain 2007). These observations suggest that some environmental factors are "master 59
variables" with strong direct or indirect effects on most communities in a given taxonomic 60 group or habitat type (Menéndez et al. 2007 ). Other environmental factors are subsidiary; 61 their effects on community structure are weak or localized. General relationships between 62 environmental drivers and community structure can provide mechanistic explanations for 63 widely observed spatial patterns, including latitudinal and altitudinal gradients in community 64 diversity (McCain 2007) , regional beta-diversity patterns (Melo et al. 2009 ), species-area 65 relationships (Öckinger et al. 2010 ) and intercontinental community convergence (Lamouroux 66 et al. 2002) . 67
68
Although temporary rivers drain all terrestrial biomes and represent the dominant freshwater 69 ecosystems in many areas, they have only recently been considered by ecologists (Larned et 70 al. 2010 , Datry et al. 2011 , Steward et al. 2012 . As a result, the organisation of aquatic 71 communities in these systems has never been analysed across different biogeographic regions. 72
The periodic loss of surface water (hereafter "flow intermittence") is a fundamental challenge 73 for aquatic organisms and may be a major driver of aquatic community diversity and 74 composition. Alteration of aquatic communities caused by flow intermittence may also have 75 rewetting may differ due to the variable spatial arrangements of temporary and perennial 126 reaches (Fig. 1C) . The overall responses of aquatic organisms to flow intermittence should 127 thus vary with the pattern of habitat fragmentation, particularly if (instream?) dispersal is an 128 overriding mechanism for explaining community persistence in temporary rivers. 129
130
In this study, we investigated the responses of aquatic invertebrate communities to flow 131 intermittence in multiple biogeographic regions. We hypothesized that the persistence of 132 communities in temporary rivers is primarily associated with resilience mechanisms, not 133 resistance mechanisms. Based on the attributes of resilience-structured invertebrate 134 communities described above and in Figure 1 , we predicted that invertebrate communities in 135 temporary rivers would be characterized by negative taxon richness-flow intermittence 136 relationships, and by community nestedness along flow intermittence gradients. Given 137 dispersal limitations of many invertebrate taxa, we expected these patterns to vary with the 138 spatial arrangement of temporary reaches within river systems. To test our predictions, we 139 used data from 128 sites in 14 temporary rivers across Europe, North America, and New 140
Zealand. The datasets encompassed a wide range of flow intermittence and spatial 141 arrangements of perennial and temporary reaches. 142
143

Method 144
Data sets 145
We compiled datasets from aquatic invertebrate studies of 14 temporary rivers in Europe 146 (seven rivers), North America (five rivers), and New Zealand (two rivers). The datasets 147 consisted of matrices of invertebrate taxa, abundances and sampling dates at multiple sites 148 within temporary and perennial river reaches. The average number of days between two 149 consecutive sampling events on a given site was 146.5 ±74.5 d (SD?), and the average 150 distance between sites was 3.1 ± 2.6 km. At each site, invertebrates were collected from riffle 151 habitats using standardized and comparable sampling methods (Surber, Hess, and kick-net 152 samplers with mesh sizes ranging from 250 to 500 µm) from at least three sites per river 153 (Table 1) . The datasets were classified by the spatial arrangement of perennial and temporary 154 reaches (upper, middle and lower reach drying, Table 1 ). For further information on the 155 individual studies, see the references in Table 1 , and details about methods and sites in 156 Appendix S1. 157
158
Quantification of flow intermittence 159
For each data set, annual flow intermittence (FI), the proportion of the year with zero-flow, 160 was calculated for each sampling site. One of three procedures outlined below was used to 161
calculate FI values for the sampling sites in each river, reflecting the type of flow 162 measurement and quantity of discharge data available in each study. River discharge was 163 standardized to L s -1 . 164
165
Hydrological modelling. For five datasets (Albarine, Asse, Little Stour, Orari, Selwyn), mean 166 daily flow (including zero-flow) at sampling sites were estimated using the statistical model 167 ELFMOD (Larned et al. 2011) . For each river, the input data consisted of manual 168 measurements of discharge at sampling sites on ≥ nine dates, and continuous discharge from 169 at least two permanent recorders that bounded the study reaches. The discharge time-series 170 from each recorder was ≥ 10 years long, and included the study period during which 171 invertebrate samples were collected. Modelled mean daily discharge was used to calculate FI 172 for each site each year. 173
174
Direct measurement. For four datasets (Garden, Huachuca, Little Lusk, Sycamore), water-175 state loggers were used to record the presence or absence of water during the invertebrate 176 sampling period (Fritz et al. 2006, Jaeger and Olden 2012) . FI was calculated for each 177 sampling site from the logged time-series. Estimates of FI based on ELMOD and water-state 178 loggers at sampling sites along the Albarine River were highly correlated (r = 0.93, P < 179 0.001, n = 9). 180
181
Direct observations. For five datasets (Alme, Ellerbach, Fish Brook, Menne, Sauer) FI was 182 estimated at sampling sites using weekly to bi-monthly observations of flow state (flowing or 183 completely dry) for three to 12 months. Point gauging data and discharge data from adjacent 184 gauging stations were then used to assess flow-state patterns between consecutive 185 observations (Meyer et al. 2003) . 186
187
Invertebrate variables 188
For each sample in the invertebrate datasets, taxon richness (TR) was calculated as the 189 number of taxa per sample. To account for differences in taxonomic resolution among 190 datasets, TR was calculated at three levels of resolution: fine (TR1), medium (TR2), and 191 coarse (TR3). The degree of taxonomic consistency among datasets increases and taxonomic 192 precision decreases from TR1 to TR3. The taxonomic groups used at each level of resolution 193 are shown in Table 2 . 194 195 To describe the communities in each dataset in terms of taxonomic composition and life-196 history traits, the relative abundances of Coleoptera, Diptera, Oligochaeta, and the sum of 197 Ephemeroptera, Plecoptera and Trichoptera (hereafter 'EPT') were calculated in each sample. 198
In addition, each taxon in each dataset was classified into one of four classes using life-history 199 and biological traits: resistant, resilient, both resistant and resilient, or neither resistant nor 200 resilient. Trait classification was undertaken at the coarsest taxonomic level (TR3) to 201 maximize consistency across datasets although this reduced our ability to detect fine-scale 202 patterns. We assigned the following traits to the resilient class: long adult lifespan, high 203 female dispersal, strong adult flying ability, common occurrence in drift, and strong 204 swimming ability. We assigned the following traits to the resistant class: presence of 205 desiccation-resistance forms (e.g., cysts, cocoons, diapause stages), body armouring limiting 206 water loss (including the use of external cases), plastron/spiracle respiration, and low 207 rheophily. We used published (Tachet et al., 2002 , Poff et al. 2006 , Bonada and Doledec 208 2011 and unpublished (V. Archaimbault, personal communication) trait information to 209 classify each taxon (Appendix S2). Given the coarse taxonomic resolution used (TR 3), we 210 assigned to each taxon the traits which were dominant across the constituent families, genera 211 or species. When the traits assigned to a taxon were from the resistant class exclusively, it 212 was classified as resistant (n = 37 taxa). Conversely, when the traits assigned to a taxon were 213 from the resilient class exclusively, it was classified as resilient (n = 37 taxa). When the traits 214 assigned to a taxon were from both the resistant and resilient classes, it was classified as 215 resistant and resilient (n = 26 taxa). Last, when no traits from the resistant or resilient classes 216 were assigned to a taxon, it was classified as neither resistant nor resilient (n = 25 taxa). For 217 12 out of 125 taxa, there was no information available regarding resistence and resilience 218 traits, and classification was based on closely related taxa for which there was some 219 information and authors' knowledge. 220
221
Statistical analyses 222
The invertebrate community variables described above were used as dependant variables in 223 linear mixed-effects models with Gaussian error distributions. Analyses were undertaken 224 using the lme4 package for R (R Development Core Team 2008) . For each dependent 225 variable, we tested for effects of FI and then tested if these effects differed between rivers and 226 spatial drying patterns. We compared three nested mixed-effects models that progressively 227 increased in complexity. The first model (null) was a null model with a random intercept. The 228 second model (average) was an average model with a fixed effect of FI across all rivers. The 229 third model (river-specific) was a model with a random effect of FI, which was allowed to 230 vary among rivers (Bolker et al. 2009 ). River was entered as a random effect in each model. 231
When slopes differed among rivers, we fitted additional models adding longitudinal drying 232 pattern as a fixed effect to test for possible systematic effects of the spatial arrangement of 233 perennial and temporary reaches. The statistical significance levels for the fixed and random 234 effects in the best-fitting models were determined using likelihood-ratio tests on models with 235 and without each effect (Bolker et al. 2009 ). To select the most parsimonious models, we used 236 the minimum Akaike's Information Criterion (AIC). We checked for normality and 237 homogeneity by visual inspections of plots of residuals against fitted values. When average 238 models were selected, we used individual linear regressions to analyse how much individual 239 rivers contributed to the average model. 240
241
Nestedness analyses were used to determine whether invertebrate communities at the most 242 temporary sites were nested subsets of communities found at the least temporary and 243 perennial sites. Such patterns would indicate a selective loss of taxa susceptible to drying 244 rather than a replacement of perennial-flow specialists with intermittent-flow specialists along 245 flow intermittence gradients. We tested for community nestedness of both taxa incidence and 246 composition along the flow intermittence gradient at each river and at each taxonomic level 247 (TR1, 2 and 3) using the Brualdi and Sanderson discrepancy index, which provides a 248 conservative test for nestedness (Ulrich and Gotelli 2007) . The significance of nestedness was 249 then tested against constrained null models (showing the same marginal totals as the original 250 data) using the "quasiswap" method (Miklós and Podani 2004) . 251
252
Results
253
Taxon richness and flow intermittence 254
Taxon richness decreased for all taxonomic resolutions with increasing FI (Likelihood ratio 255 tests between null and average models, χ 2 = 232.59, 248.33, and 179.78 for TR1, TR2 and 256 TR3, respectively; P < 0.001; (Fig. 2) . 263
264
Resistance and resilience traits, community composition and flow intermittence 265
The significant negative relationships between FI and taxon richness were maintained when 266 resilient taxa and those without resistant nor resilient traits were considered separately 267 (Likelihood ratio tests between null and average models, χ 2 = 125.93 and 136.03, 268 respectively; P < 0.001), but were not significant for resistant taxa or those with both 269 resistant and resilient traits (χ 2 = 13.61 and 4.77, P = 0.1611 and 0.8622, respectively). For 270 resilient taxa and those without resistant nor resilient traits, the slopes of the taxon richness-271 FI relationships differed statistically among rivers as indicated by the comparisons between 272 average and river-specific models (χ 2 = 15.09, and 41.61, respectively ; P < 0.001). However, 273 these relationships did not differ with respect to the spatial arrangement of perennial and 274 
Community nestedness along flow intermittence gradients 290
At the fine taxonomic level, invertebrate communities at the most temporary sites were nested 291 subsets of communities at the least temporary and perennial sites in 10 of the 14 rivers (Table  292 3). At medium and coarse levels of taxonomic resolution, nestedness tended to occur 293 primarily in rivers with downstream drying patterns ( Table 3) . 294 295 Discussion 296
We demonstrated general and significant effects of FI on invertebrate taxon richness across 14 297 rivers in Europe, North America and New Zealand. As FI increased, invertebrate communities 298 in these rivers became increasingly taxa-poor. More importantly, the rate of decline in the 299 number of taxa along gradients of FI was not statistically different among the 14 rivers tested 300 for each of the three different levels of taxonomic resolution, despite these rivers representing 301 a wide range of climatic and biogeographic conditions and differing markedly in size and 302 spatial drying patterns. Therefore, our results demonstrate a wide-spread congruence in the 303 responses of invertebrates to FI and suggest that FI is a "master variable" driving river 304 community structure and composition. Given the increasing intensity and spatial extent of FI 305 in rivers due to anthropogenic water abstraction and climate change (Meybeck 2003 , Larned 306 et al. 2010 , our findings indicate the potential for widespread declines in river biodiversity 307 resulting from increased flow intermittence. 308
309
Our analysis of diversity patterns helps to disentangle the respective roles of resistance and 310 resilience mechanisms in structuring invertebrate communities in temporary rivers. There are 311 three ways in which our results suggest that, as we hypothesized, invertebrate community 312 patterns along FI gradients are primarily a function of resilience rather than resistance. First, 313 the relationships between taxon richness and FI held across rivers for resilient taxa and for 314 taxa without resistant nor resilient traits, when coded at the family level. In contrast, no 315 relationships were detected between FI and resistant taxa or taxa with both resistant and 316 resilient traits. Second, the relative abundances of groups such as EPT and Coleoptera 317 decreased with FI; many species in these groups are susceptible to desiccation (Williams 318 2006 , Datry et al. 2012 ) and have resilient traits that facilitate recolonization, such as long 319 life-span or strong flying abilities (Petersen et al. 1999, Bohonak and Jenkins 2003) . In 320 contrast, the relative abundance of dipteran taxa increased with FI, and desiccation-resistant 321 traits such as diapause and anhydrobiosis are prevalent among many dipteran families (Frouz 322 et al. 2003) . Desiccation-resistant traits are not likely to be uniform across the Diptera as a 323 group, however, and do not constrain their persistence in perennial habitats. Many dipterans 324 thrive in perennial sites, and their relative abundances were on average > 25% in our 14 study 325 rivers. Third, a significant level of community nestedness occurred along most of the FI 326 gradients in this study, which indicates that taxa-poor communities in the most temporary 327 sites were nested-subsets of taxa-rich communities in the least temporary and perennial sites. 328
Community nestedness was probably the result of both limited dispersal from source 329 communities in perennial reaches and local extinction along FI gradients (McAbendroth et al. 330 2005) . This suggests that the distribution of aquatic refuges across river landscapes, combined 331 with taxa-specific differences in dispersal abilities may explain much of the colonization and 332 succession dynamics in temporary rivers. 333
334 Although dispersal appears to be an overriding mechanism for explaining community 335 persistence in temporary rivers, there was very little evidence that the pattern of habitat 336 fragmentation (i.e., different spatial arrangements of perennial and temporary reaches) had a 337 strong influence on the responses of invertebrate communities to FI. The FI-taxonomic 338 richness relationships did not vary among spatial arrangements of perennial and temporary 339 reaches. Community nestedness at the coarsest taxonomic level was restricted to rivers with 340 downstream drying patterns. While this partly supports our initial prediction, it also indicates 341 that confounding factors may obscure the effect of spatial fragmentation patterns on aquatic 342 invertebrate communities. It is likely that the magnitude and dynamics of drying and 343 rewetting alter the effects of spatial drying patterns on the responses of invertebrate 344 communities to FI. Complete riverbed drying can occur within a few hours, or disconnected 345 pools can persist for several weeks in otherwise dry riverbeds. Rewetting may be gradual 346 (e.g., expanding pools driven by groundwater upwelling) or rapid (e.g., flash-flood bores 347 driven by runoff). These variable transitions between wet and dry periods are likely to 348 influence the ability of invertebrates to disperse to and from refuges (Bogan et al. 2013) . Last, 349 refuges adjacent to (parafluvial ponds, lakes, springs) and beneath (hyporheic zone) river 350 channels were not included in this study, and could play significant roles in maintaining 351 communities in temporary rivers (Boulton et al. 1998 , Williams 2006 where taxa replacements along decreasing hydroperiod gradients from perennial to 363 temporary-specialists are common (e.g., Wellborn et al. 1996) . Such patterns are thought to be 364 driven by trade-offs between traits that facilitate survival in temporary environments (e.g., 365 dormancy stages, desiccation-resistant eggs) and traits that reduce vulnerability to predators 366 (e.g., low activity rates, antipredator morphology) (Skelly 1995 , Wellborn et al. 1996 . Top 367 aquatic predators (invertebrates, fish) often occur in temporary river reaches (Labbe and 368 Faush 2000) , and perhaps such trade-offs do not occur along FI gradients in rivers. However, 369 biotic interactions, including competition and predation, have not been as thoroughly 370 examined in temporary rivers compared to temporary lentic habitats (e.g., Skelly 1995 , 371 Wellborn et al. 1996 , Spencer et al. 1999 , and empirical data to support this hypothesis are 372 currently lacking. If FI increases in extent and severity in the future, we anticipate an 373 increased biotic homogenization of riverine communities, which will in turn modify the 374 functioning and resilience of river ecosystems (McKinney and Lockwood 1999, Spencer et al. 375 1999 abiotic (e.g., distances to refuges, distribution of refuges across landscapes) or biotic drivers 386 (e.g., predation, competition) control succession. Metacommunity and metapopulation 387 dynamics deserve more attention in temporary rivers and more manipulative experiments are 388 needed to improve our understanding of their effects on diversity patterns. In the context of a 389 worldwide biodiversity crisis, whose severity in freshwater ecosystems has been carefully 390 documented (Dudgeon et al. 2006) , the general relationships generated in this study may help 391 water managers mitigate the effects of dams, flow diversion, and water abstraction, and will 392 help scientists predict future changes in river biodiversity. 
Invertebrate sampling
Invertebrates were collected from nine riffle-run habitats at nine sites (three temporary, six perennial) on the upper 2.5 km of the river during baseflow periods between 27 August and 3
September in each of nine years (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) . Samples could not be collected from two dry sites in 1992 and 1997. Samples were collected using two-minute kick-samples with a handnet (250-µm mesh net). Samples were preserved in the field with 4% formaldehyde. Most aquatic insects were identified to species except dipterans, which were identified to family, and baetid mayflies, which were identified to genus. Molluscs were identified to species except sphaeriid bivalves, which were identified to family. Oligochaetes and mites were identified to order. For more details on invertebrate sampling and processing, see Wood & Armitage (2004) .
Albarine, France
Physical setting
The Albarine River is located in temperate eastern France and drains a 313-km 2 catchment.
The river flows for 45 km through the Jura Mountains, then 15 km across an alluvial plain to its confluence with the Ain River. On the alluvial plain the river is perched 1-14 m above the regional water table, and the river loses flow to the underlying vadose zone and aquifer at an average rate of 0.4 m 3 s -1 km -1
. The entire alluvial plain reach is temporary due to the rapid seepage loss. Descriptions of the climate, geology and geomorphology of the Albarine River catchment are given in Datry (2012) . Flow cessation begins in spring of most years at the confluence with the Ain River, and the drying front moves upstream over the summer. Flow resumption along the entire temporary reach generally occurs in late autumn/early winter.
Flow intermittence and average annual dry event duration and frequency all increase with distance downstream. At the downstream end of the temporary reach, annual flow intermittence ranges from 50 to 90%.
Invertebrate sampling
Invertebrates were collected from riffles at 18 sites (seven perennial, 11 temporary) prior to molluscs were identified to genus or species, and crustaceans, annelids and mites to genus, family or order. For more details on invertebrate sampling and processing, see Datry (2012) .
Asse, France
Physical setting
The Asse River is located in the Provence region of southeastern France, and drains a 657- 
Invertebrate sampling
Invertebrates were collected from riffles at 13 sites (eight temporary, five perennial). Samples were collected in spring, just before the beginning of summer dry events ( (1984) and Thompson (2004) . Invertebrates were identified to genus or species. For more details on invertebrate sampling and processing, see Fritz et al. (2006) . Schwegman (1973) and Thompson (2004) . 
Invertebrates were collected from riffles at 11 sites (five perennial, six temporary) on 24
October 2007 and 19 February 2008. The river was flowing over its entire length on both sampling dates. At each riffle, four replicate samples were collected with a Surber sampler (0.09-m 2 , 250-µm mesh), then two samples were combined into each of two composite samples and preserved in 70% isopropyl alcohol. Most aquatic insects and all molluscs were identified to genus or species (some midges were identified to tribe). Crustaceans, annelids, and mites were identified to family or order.
Selwyn, New Zealand
Physical setting
The Descriptions of the climate, geology and geomorphology of the Selwyn River catchment are given in Larned et al. (2008) . Bogan et al. (2013) .Descriptions of the climate, geology and geomorphology of Garden and Huachuca Canyons are given in Bogan et al. (2013) .
Invertebrate sampling
Invertebrate Sampling
Invertebrates were collected from riffles at nine sites (three perennial, six temporary) from Zarriello & Ries (2000) . The sampling sites used for this study were located on perennial Fish Brook and two of its temporary headwater tributaries.
All sites were within a 1-km 2 area of deciduous forested swamp, 5 km upstream of the Ipswich River confluence.
Invertebrates were collected from riffles and pools at eight sites (three perennial, five Alme and tributaries, Germany.
Physical setting
The Alme River drains a 763-km² catchment in East Westphalia, Germany. The river flows north for 60 km from its headwaters in the northeastern Sauerland region to its confluence with the Lippe River. The Alme River mainstem and three of its tributaries were sampled, the 28-km long Ellerbach River (catchment area 91 km²), the 8-km long Menne River (catchment area 8 km²), and the 30-km long Sauer River (catchment area 109 km²). 
Invertebrate sampling
In the Alme River, invertebrates were collected at seven sites (four perennial, three temporary) on three dates between 2005 and 2008. At each site, two or three replicate samples were taken with a Surber sampler (0.09-m², 250-µm mesh). In the Ellerbach River, invertebrates were collected at three sites (one perennial, two temporary) on four dates in up da te d tr ai t co de s Lo ng ad ul t lif e sp an H ig h fe m al e di sp er sa l S tr on g ad ul t fly in g ca pa ci ty C om m o n oc cu rr e nc e in dr ift S tr on g sw im m in g ab ili ty D es ic ca tio n-re si st an ce fo rm s B od y ar m ou ri ng P la st ro n /s pi ra cl e re sp ira tio n Lo w rh eo ph ily 
Plecoptera
